Selective chemical leaching technique has been applied to the study on the partitioning of major and minor constituents into individual mineral species in ferro-manganese nodules formed in limestone areas of the Ryukyu Islands.
INTRODUCTION
a series of experiments with the use of hydro xylamine hydrochloride and acetic acid of A number of attempts have been made various concentrations. They showed that the towards the establishment of chemical technique use of 1 M NH2OH•HC1 leaches about 63% of to separate carbonate, forro-manganese and iron iron oxide minerals whereas it leaches nearly oxide fractions in pelagic sediments and oceanic 100% of manganese oxides in oceanic ferro ferro-manganese nodules, to discuss the origin of manganese nodules. This result confirms the chemical elements in the sediments and the finding of Arrhenius and Korkish (1959) . nodules (Ray et al., 1957; Hirst and Nicholls, The combined solution of 1 M NH2OH-HCl 1958; Goldberg and Arrhenius, 1958; Arrhenius in 25 % acetic acid, however, leaches about 90% and Korkish, 1959; Hodgson, 1960 ; Chester and of iron oxide minerals and also nearly 100% of Hughes, 1966 Hughes, , 1967 Takematsu, 1972 ; Kitano both carbonate and manganese oxides in ferro et al., 1980; Kitano and Fujiyoshi, 1980a , manganese nodules. If only 25% CH3COOH is 1980b; Kitano et al., 1981; Tomiyama and used, the entire fraction of carbonate, excluding Kitano, 1982 (Taira et al., 1981) . The same samples were used in the present study. The concentra tions of individual elements in overall samples were given in the paper cited above. 25 % CH3COOH soluble fraction A dried sample (1 to 3 g) was placed in a sealable bottle, 150ml of 25% CH3COOH solution was added and shaken for 4h mechanically at room tem perature. The suspension was centrifuged and then filtered off through a Toyo No. 5C filter paper.
The leachate is designated as 25% CH3COOH soluble fraction, which involves carbonate fraction excluding dolomite and also exchangeable fraction in clay minerals in the nodules. 1 M NH20H•HCl-25 % CH3COOH soluble frac tion
The washed residue remained from acetic acid leaching was treated with 1 M hydro xylamine hydrochloride in 25% acetic acid (1M NH2OH• HCI-25 % CH3COOH) solution (150 ml), where it was mechanically shaken for 4h at room temperature. The leachate was separated and treated as described above. The fraction is designated as 1 M NH2OH• HCI-25 % CH3COOH soluble fraction which involves the ferro-man ganese fraction. 30% H202 soluble fraction
The residue remained from the combined solution (IM NH2OH• HCl-25 % CH3COOH) treatment was digested with 30% H202 solution (50m1) added dropwise at 100°C (pH 2). The extract was then treated as described above. The fraction is designated as 30% H202 soluble fraction which involves reducing matter such as pyrite and organic compounds.
Elemental analyses (Mn, Fe, Cu, Ni, Co, Zn, Cd and Pb) for the all above fractions were made on a Hitachi 207 type atomic absorption spectrometer.
Insoluble fraction
The residue remained from the above treatment was not analyzed further.
Minor elements in this fraction are considered to have been taken into lattice struc tures of clay and silicate minerals. The differ ence between total elemental concentration in the entire sample and the total concentration of the above fractions is designated as insoluble fraction which is regarded as very stable lithogenous iron oxides, silicate and clay min erals.
RESULTS AND DISCUSSION
Partitioning of major components in the nodules Table 1 gives the results of leaching experiments on Ca, Fe and Mn. The values in parentheses and brackets are those reported by Chester and Hughes (1967) for, oceanic ferro manganese nodules and pelagic sediments, respectively.
The values are compared with those obtained in the present work. 25 % CH3COOH soluble fraction If the leached calcium (51% of the total Ca in the sample) occurs as CaCO3, then CaCO3 content will become 0.79% on the average. Thus cal cium may be seimi-minor constituent rather than major constituent.
Calcium would be taken into nodules either as CaCO3 or as lattice components of clay or silicate minerals. The fact that a large portion of Ca remained in the insoluble fraction indicates that nearly half of the total Ca would be taken into nodules through clay and/or silicate minerals (see Table  1 ). They are, however, not detected by X-ray diffraction analyses owing to such a low con tent.
25% CH3COOH solution leaches some Fe incorporated into manganese nodules as col loidal particles or goethite (Chester and Hughes, Table 1 ). 1 M NH2OH•HCl-25 % CH3COOH soluble frac tion Chester and Hughes (1967) led to the results that for pelagic sediments the rate for Mn (96%) leached with the combined solution is greater than that (78 %) with 25 % CH3000H. They pointed out that the difference shown above will depend on the existence of either soluble fraction of manganese oxides of hydro genous origin or insoluble fraction of that of lithogenous origin in the nodules and the sedi ments. They also stated that iron fraction in manganese nodules soluble into the solution is as high as 90% whereas it is only 4% for pelagic sediments. Another reasonable explanation is that stable iron oxides are incorporated into manganese nodules in accretion processes together with reddish soils which involve man ganese nodules. To make it more understand able, solid phases before and after the treatment with combined agent for terrestrial manganese nodules and associated reddish soil were sub mitted to the X-ray diffraction analyses. The X-ray diffraction patterns are shown in Fig. 1 . taken into nodules from associated reddish soil. solution-leaching is geochemically characteristic Even though some of the stable form of iron for terrestrial ferro-manganese nodules, which oxide were formed in the nodules, major portion may lead to some different understanding for of the stable iron oxide is considered to have the accretion mechanism between oceanic and been taken into nodules together with reddish terrestrial ferro-manganese nodules.
For ex soil accompanied by the above minerals. The ample, deep-sea nodules are considered to be hypothesis could be corroborated by the follow formed by constant intake of manganese at a ing observations: a) If major part of the stable very slow rate, whereas terrestrial ones could iron oxide is thought to be formed in the have been formed in highly oxidative conditions nodules, considerable portions of minor ele and the stable form of iron oxides and clay ments such as Co and Mn of hydrogenous origin minerals are directly incorporated into the should also be accompanied by iron oxide. b) nodules together with hydrous manganese and It is not likely that only quartz, kaolinite and iron oxides of hydrogenous origin, thus resulting illite are selectively taken into the nodules from in a fairly rapid rate of growth (Taira et al., the associated reddish soil discreminating the 1979). stable iron oxide. c) Stoichiometric considera Partitioning of minor elements in ferro-man tion for the stable iron oxide content of the ganese nodules
The average values of the nodules is not inconsistent with the above rates of partitioning of minor elements are hypothesis. listed in Table 3 for 25% CH3COOH, combined Existence of the large fraction of the stable solution (NH2OH-HCl-CH3000H), 30% H202 iron oxide could be one of the traits of the ter and insoluble fractions in terrestrial ferro-man restrial ferro-manganese nodules distinguished ganese nodules.
Correlation coefficients be from the oceanic ones and is also an important tween minor elements in the combined agent factor in the growth of terrestrial ferro-manga soluble fraction are listed in Table 2 . nese nodules resulting in the relatively rapid rate 2591" CH3000H and 30 yo H202 solube frac of growth. In the concentration of minor ele tions Minor elements in carbonates and ments, Fe and Mn of hydrogenous origin are exchangeable fraction in clay minerals are important, particularly at the first stage of the leached with 25 % CH3COOH solution, and formation and growth processes of the nodules 30% H202 solution may leach minor elements since Mn(II) could be taken into manganese in pyrite and organic matter. nodules by the catalytic action of FeOOH•nH2O
The very low carbonate content of the (Sung and Morgan, 1981) . Therefore it is said nodules and the highly oxidative terrestrial that Fe plays an important role on the evolution environment will reduce minor element contents and the growth of terrestrial ferro-manganese of these fractions.
Minor elements in these nodules.
fractions are almost negligible in consideration Table 2 shows that correlation coefficients between Fe and minor element contents are generally higher than those between Mn and minor element contents of the combined agent soluble fraction.
Correlation coefficients between Fe and Mn contents of terrestrial ferro manganese nodules, particularly in nodules of small sizes, give negative values in the com bined agent soluble fraction. Since the amount of manganese oxides taken into manganese nodules in accretion processes is relatively higher than that of iron hydroxides and/or oxides, correlation coefficients between Fe and Mn con tent will be negative values independent of increasing amounts of Fe and Mn. This may result in the lowering of correlation coefficients between minor elements and Fe or Mn contents.
Strongly positive Fe-Co and Mn-Co correla tions are often observed in both oceanic and terrestrial ferro-manganese nodules (Sano and Matsubara, 1970; Ostwald and Frazer, 1973; Taira et al., 1981) .
From structural considerations, Burns (1976) pointed out that S-Mn02 and FeOOH• nH2O are highly susceptible to epitaxial inter growth which probably initiates nucleation and leads to the intimate association of manganese and iron oxide phases in manganese nodules (Burns and Burns, 1975) . Therefore, the ap parent Fe-Co correlation in the nodules is con In the oceanic manganese nodules, Burns (1965) initially proposed that Co3+ ions replace Fe" in the FeOOH•nH2O phase of manganese nodules, but the hypothesis was further dis cussed and rejected latter (Burns, 1976) because of the large discrepancy in ionic radii (Shannon and Prewitt, 1969) for Fe" (0.65A) and octa hedrally coordinated low-spin Col (0.53 A), and of forming a CoOOH structure differing from any of a-, ii and y FeOOH and y-MnOOH struc tures.
Thus, isomorphous substitution of Co3+ for Fe" and Mn31 ions in host phases is not likely. Burns (1976) thus pointed out that the close similarity between the ionic radii of Co3+ and Mn4+ ions suggests that Co3+ replace Mn4+ in edge-shared
[Mn06] octahedral layers in many Mn(IV) oxide minerals.
It is considered that, in both terrestrial and oceanic environments, Co2+ ions are initially adsorbed on the surface of Mn(IV) oxide in the vicinity of vacancies in the chains or sheets of edge-shared [Mn06] octahedral layers. Sub sequent oxidation of adsorbed Co" to Co3+ by Mn(IV) will lead to a fixation of Co3+ in the edge-shared [Mn061 octahedral layers by replacing Mn with low-spin Co3+ ions. Dillard et al. (1982) confirmed via X-ray photoelectron spectroscopic studies (XPS) that Co3+ are the dominant Co species on the surface of ferro manganese nodules from the Pacific Ocean. Murray and Dillard (1979) argued that Co2+ could also be oxidized by 02 in the strong electric field at the Mn02-solution interface, and Crowther et al. (1983) recently discussed, via XPS studies, the experimental evidence of the Mn02 as the oxidizing agent in the forma tion of Co3+ Table 3 shows that 90% of total Pb in ter restrial ferro-manganese nodules is leached with combined solution.
Another work for the nodules on vertical distribution of minor ele ments shows that Pb is largely concentrated on the surface portion of the nodules (Taira et al., 1984) and the concentration increases with their size, with which the MnO2 content also increases (Taira et al., 1981) . The pattern of the increase in Pb content along with the radius of the nodules is quite similar to that of Co among various sizes of the nodules (Taira et al., 1981) . The fact implies that concentration pattern of Pb along with the increase in radius and/or Mn02 content seems to be slightly different from the other divalent cations such as Zn2+ , Nit+, Cd2+, and Cu" and rather appears to be the same with that of Co, which seems to be con cerned with the ionic state in the host crystal structure. Goldberg (1965) proposed that Pb2+ could be oxidized to insoluble Pb02 which could enter into solid solution with MnO2. Craig et al. (1973) suggested that Pb is rapidly scavenged from the water column. Dillard et al. (1981) demonstrated via XPS that oxidation of Pb2+ occurs upon adsorption on synthetic Mn02. Murray and Dillard (1979) suggested from model calculations, that Co2+ and Pb2+ could be oxidized at the Mn02-solution interface even at the concentration found in sea water system. The facts may account for the strong specific adsorption of Co and Pb, and greater adsorption capacity of Co for hydrous manganese dioxide over other divalent cations in terrestrial ferro manganese nodules.
Indeed, Murray and Dillard (1979) reported the presence of Co(III) on synthetic birnessite, and Dillard et al. (1982) confirmed the presence of Co(III), Mn(IV), Fe(III) and Pb(II, IV) on the surface of Pacific ferro-manganese nodules via XPS studies.
The existence of vacancies in edge-shared
[ MnO6 ] octahedral layers in S -MnO2 (Burns, 1976) The solution chemistry of Cd is also similar to that of Zn and it may be reasonable to as sume that Cd 2+(0.97 A) replace Mn2+(0.83 A ) in birnessite as do Zn2+(0.71 A). A high Cd con tent of about a few ppm in associated reddish soil and preferential adsorption of Cd by Mn02, similar to divalent cations of transition elements, may be responsible for the high Cd content of ferro-manganese fraction in terrestrial man ganese nodules. Low Cd content of about 10 ppm (Ahrens et al., 1967 ) of oceanic nodules is certainly due to the very small activity of Cd2+ contained in sea water through the formation of CdCI+, CdCl2 , CdC13 and Cd-organic com pounds which are hardly adsorbed on man ganese dioxide in sea water medium (Mantoura et al., 1978; Kitano and Sakata, 1978; Kitano and Fujiyoshi, 1979) .
Insoluble fraction
Minor elements taken into stable clay minerals as lattice components, and iron and manganese of lithogeneous origins are considered to survive the above selective chemical leaching. Considerable portion of Zn remains insoluble in the above treatments. This is due to the fact that most part of Zn in as sociated reddish soil is contained in insoluble fraction which is denoted as mentioned above and some of these stable iron oxides, silicate and clay minerals will be taken into manganese nodules directly together with the associated reddish soil accompanied by Zn in the processes of the grwoth of the nodules.
